advantages of improved chondral repair and large defect coverage, because of the use of an off-the-shelf juvenile allograft. Further studies on larger animals and clinical trials are required to confirm these results.
Introduction
Chondral and osteochondral lesions are common problems in orthopedics, and their treatment still remains a challenge for orthopedic surgeons. The prevalence of chondral lesions of any type has been estimated around 60-63 % during knee arthroscopies and focal chondral or osteochondral defects around 19 % of patients [15, 30] .
Depending on the age of the patient, symptoms, previous surgeries, involvement of subchondral bone, size, and chronicity of the defect, different options are available for the treatment of focal chondral defects, and these include: (1) bone marrow stimulation techniques (i.e., microfractures), (2) osteochondral auto/allograft transplantation, and (3) autologous chondrocyte implantation (ACI). All of these techniques have disadvantages, including: (1) fibrocartilage repair tissue with bone marrow stimulation techniques; (2) donor-site morbidity, technical difficulty in matching the lesion contour, defect-size limitations, and risk of cartilage and bone collapse, with osteochondral autograft transplantation; and (3) graft availability, technical difficulties, costs, possible disease transmission, with osteochondral allograft transplantation. ACI showed to result in hyaline-like regenerative tissue with better histological and clinical outcomes than simple microfractures [10, 25, 26] . However, two surgical procedures and a costly cell expansion are required with this technique. To overcome these limitations, tissue engineering is prospecting new single-step solutions, combining scaffolds with different viable cell sources [16] .
The use of freshly harvested autologous cartilage chips held in the defect by a scaffold has recently been described in small and large animal models [3, 12, 17, 18] , reporting histological results similar to ACI [12, 17] . This technique has also recently proven to be safe, feasible, and effective in a prospective clinical safety trial [6] .
Juvenile chondrocytes have shown in vitro superior capabilities of producing cartilage extracellular matrix [1, 2, 9] . In addition, allogeneic juvenile cartilage fragments have recently been described for chondral repair and are currently on the US market (DeNovo NT Graft-"Natural Tissue Graft" Zimmer Inc, Warsaw, IN/ISTO Technologies Inc, St Louis, MO, USA). Some preliminary clinical safety reports are available for the treatment of chondral lesions in the knee and ankle, but the literature is still sparse regarding this topic [12, 20, 21] .
In the clinical setting, autologous cartilage fragments do not allow large defect coverage (due to the limited amount of autograft), and neocartilage derived from juvenile cells did not seem to show terminal chondrocyte differentiation (as demonstrated by the absence of Type X collagen and lack of cellular hypertrophy) [1] . To overcome these limitations and in the light of the recent findings that co-cultures of juvenile/adult human cartilage fragments showed superior matrix production compared with isolated adult cultures [5] , the authors hypothesized a new "one-stage" procedure directly combining in situ autologous adult and allogenic juvenile cartilage fragments.
The goal of this study was to evaluate on a rabbit model the repair of chondral lesions treated with combined autologous adult/allogenic juvenile cartilage fragments, compared with isolated adult and isolated juvenile cartilage fragments.
The authors tested the null hypothesis that there was no difference between chondral lesions left untreated, treated with autologous chondral fragments, with juvenile chondral fragments, or with mixed autologous/juvenile fragments.
Materials and methods
Animal committee approval was obtained (University of Iowa IACUC #0907156). Fifty-eight adult (>16 week old) and five juvenile (<6 week old) New Zealand White female rabbits were used. The juvenile cartilage was freshly harvested every morning from the juvenile donors. These were humanely euthanized (Pentobarbital sodium injection 100 mg/kg), and both knees were shaved and prepped in a sterile fashion, scrubbing three times with alcohol (70 %) and three times with povidone-iodine. Through a 4-cm midline skin incision to the left and right knee, the cartilage from the trochlea, femoral condyles, patella, and tibial plateau was harvested with a sharp scalpel (no 15 blade) and minced in a wet environment (standard culture medium) in order to obtain fragments smaller than 1 mm 3 . The cartilage fragments were kept in the culture medium before implantation in the adult rabbits the same day.
The adult rabbits received antibiotic prophylaxis with enrofloxacin (10 mg/kg SQ) every 24 h for 5 days, starting the day before surgery. Perioperative pain was controlled with buprenorphine (0.03 mg/kg IM) preoperatively. An intramuscular injection with Ketamine (20 mg/kg) and medetomidine (0.4 mg/kg) was performed for the induction of the anesthesia. Tricotomy of the left knee was carried out with an over the counter shaving cream, in order to avoid injuries to the skin of the rabbit. General anesthesia was then administered using a facial mask with isoflurane conveyed by pure oxygen. The left knee was prepped in a sterile fashion and scrubbed three times with alcohol (70 %) and three more times with povidone-iodine. A sterile surgical field was then prepared around the left knee. Two surgeons and one anesthesiologist performed the procedure. An anterior midline skin incision (1.5-2 cm) with a medial parapatellar approach was carried out. The patella was gently retracted laterally and the trochlea exposed. A large osteochondral defect (diameter 4.5-5 mm, depth 2-2.5 mm) was manually created with a flat drill tip in the center of femoral trochlea (Fig. 1) . Care was taken to preserve the edges of the trochlear region (medial and lateral trochlear ridges), in order to have a contained defect. Before preparing the defect, the cartilage layer corresponding to the defect area was gently harvested with a sharp no 15 blade and minced in a wet environment (standard culture medium), to obtain fragments smaller than 1 mm 3 ( Fig. 1 ). Copious pulsatile lavages were performed with saline.
The rabbits were randomly assigned to cases or controls. The control groups were left untreated. The cases were filled with: (1) autologous cartilage fragments (harvested from the defect area); (2) juvenile allogenic cartilage fragments (freshly harvested from the young rabbits); and (3) autologous + juvenile allogenic cartilage fragments in equal proportions (Fig. 1) . The defect was completely filled with cartilage fragments. Then, the needle of a syringe filled with liquid agarose was put at the bottom of the defect and the agarose injected, while keeping the fragments in situ with a finger. The finger was then removed, and a drop of agarose was put on top of the fragments. A 1.8-2 % low melt agarose was used. A higher concentration (2.5 %) may have resulted in a more solid filling and quicker polymerization, but required higher temperature at the time of implantation, with the risk of damage to the surrounding cartilage. A 1.8-2 % concentration was preferred,
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in order to allow implantation at ~50 °C and a good stability of the construct at body temperature. Lavages were performed at the time of agarose implantation, in order to reduce the heat damage to the surrounding cartilage.
The joint was then irrigated, and the patella reduced into the trochlea. The joint capsule, the medial retinaculum, and the subcutaneous tissue were carefully sutured with 5-0 monofilament bio-absorbable sutures. The skin was closed with 3-0 braided bio-absorbable sutures. A spray liquid bandage was applied on top of the surgical wound. Postoperatively, the pain was controlled with buprenorphine (0.03 mg/kg IM every 12 h) for 48 h. The rabbits were kept in an appropriate animal care facility and humanly killed at 3 and 6 months.
After euthanasia, the left knees were dissected, and the defects macroscopically evaluated, considering: synovial fluid, synovial membrane, articular cartilage, menisci, bone, together with overall repair tissue fill, uniformity, color, and integration. The ICRS macroscopic score for cartilage repair was used [29] . Digital pictures of every defect were taken.
Osteochondral blocks encompassing the entire defect were dissected and fixed in 10 % formalin. The samples were cut at two levels within the defect area (proximal and distal aspects of the defect) with a microtome. The decalcified paraffin Sects. (5 µm) were then stained both with Safranin O fast green and with Collagen type II immunostaining. Histological evaluation was carried out using a modified O'Driscoll score [11, 12] and a 0-3 scale for Collagen type II immunostaining (0, no stain; 1, partial staining; 2, top to bottom or side to side; and 3, top to bottom and side to side) [12] . The macroscopic and microscopic investigation was conducted by a blinded investigator, expert in cartilage repair.
Statistical analysis
Sample size calculation was performed "a priori" (G*Power version 3.0.10.) with α = 0.05 and (1 − β) = 0.95, according to previous similar studies [19] . The calculated total sample size was 16 rabbits. Intra-observer reliability was evaluated with the Pearson's product-moment correlation coefficient (r) and Cronbach's alpha coefficient of internal consistency (ICRS macroscopic score r = 0.99 and α = 0.99; modified O'Driscoll score r = 0.93 and α = 0.97; Collagen type II score r = 0.85 and α = 0.91).
The results are presented with the mean and the standard deviation (SD). The different groups were tested for differences with one-way ANOVA in case of normal data distribution, or with Kruskal-Wallis in case of non-normal distribution (95 % CI, p = 0.05). The analysis was conducted with GraphPad version 6.05 for Windows. 
Post hoc power analysis was conducted with G*Power version 3.0.10. The power was more than 0.9 for both macroscopic and microscopic evaluations at 3 and 6 months. The power of Collagen type II scoring was 0.31 and 0.66 at 3 and 6 months, respectively.
Results
A few complications were recorded during the study. One rabbit died in the early postoperative period, and three rabbits showed early signs of surgical site infection. Despite the antibiotic treatment, the infection did not resolve in two rabbits, which were euthanized. At postmortem inspection of the knees, besides the signs of infection and one chronic lateral patellar dislocation, no other relevant findings were recorded, and the osteochondral defect site showed a correct position of the agarose and cartilage fragments. These three cases with unresolved early complications were replaced with new ones. Late complications included: (1) one infection diagnosed at 3 month killings; (2) two infections diagnosed at 6 month killings; and (3) one death at 4 months and one at 5 months after surgery. These five cases were excluded from the study. A total of 50 rabbits (Table 1) were available for final evaluation at 3 months (26 rabbits) and at 6 months (24 rabbits).
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Macroscopic evaluation
The defects were still evident in all samples, with different coverage of repair tissue. The groups treated with mixed adult-juvenile and only juvenile cartilage fragments showed the larger coverage, compared to the other groups. The repair tissue of mixed adult-juvenile and only juvenile cartilage fragments was white, non-continuous, and with some areas of roughness. Most of the control groups showed minimal coverage with amorphous tissue. In all groups, minimal arthritic and inflammatory changes involving the surrounding cartilage and the synovium were noticed. In terms of ICRS macroscopic evaluation scores, no significant differences were found between the groups (Table 1) .
Microscopic evaluation
The modified O'Driscoll score reflected the macroscopic results with midrange scores for all groups, suggesting immature repair tissue (Table 1 ). In terms of modified O'Driscoll score, the mixed fragment group performed better than the controls (p = 0.001). The subchondral bone was minimally restored in all groups (Fig. 2) . No noticeable inflammatory reactions were evident in all groups.
Immunohistochemistry
The Collagen type II immunohistochemistry showed higher scores in the mixed fragment group compared with the controls (p = 0.015) ( Table 1) .
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Macroscopic evaluation
The defects were still evident in all samples, with different coverage of repair tissue (Fig. 3) . In terms of ICRS macroscopic evaluation scores, no other significant differences were observed between the groups (Table 1 ). Mild degree of arthritic changes was evident in the controls and groups treated with adult cartilage fragments only.
Microscopic evaluation
Subchondral bone was minimally restored in all groups (Fig. 4) . The repair tissue of control groups was mainly formed by fibrocartilage. The cases treated with isolated adult and isolated juvenile cartilage fragments presented some hyaline-like features, but showed incomplete filling of the defects, surface fissures, and some cysts. The cases treated with mixed adult-juvenile cartilage fragments presented hyaline-like features (nearly normal Safranin O staining, complete filling of the defect), but also some chondrocyte clusters and surface lamination/fissures. No inflammatory reaction was evident in the groups. The modified O'Driscoll score showed that the cases treated with mixed adult-juvenile cartilage fragments performed better than the control groups (p = 0.003) and the groups treated with adult fragments only (p = 0.004). In addition, the juvenile fragment group showed higher modified O'Driscoll score than the controls (p = 0.03).
Immunohistochemistry
The Collagen type II Immunohistochemistry scoring system showed significantly higher scores in the groups treated with mixed adult-juvenile cartilage fragments compared to the control groups (p < 0.001). No other significant differences were observed between the groups (Fig. 4) .
Discussion
The most important finding of the present study was that the null hypothesis was rejected, and the use of combined autologous adult/allogenic juvenile chondral fragments achieved good results, in terms of modified O'Driscoll score and Collagen type II production.
The concept of using autologous adult chondral fragments as a single-stage procedure for cell-based cartilage repair has been described several years ago [3] . More Frisbie et al. [12] showed on a horse model that singlestaged autologous cartilage fragments repair produced arthroscopic, histological, and immunohistochemistry results similar to ACI. Cole et al. [6] in a randomizedcontrolled trial compared autologous cartilage fragment repair with microfracture in 29 patients with 2-year follow-up. The authors described significantly higher International Knee Documentation Committee score and Knee injury and Osteoarthritis Outcome Score for the autologous cartilage fragments group, compared to the microfracture group. The authors concluded that the new technique is a safe, feasible, and effective method that may improve long-term clinical outcomes for the treatment of focal chondral defects. The chondrogenic potential of juvenile chondrocytes has been previously described. Adkisson et al. [1] showed that juvenile chondrocytes, when maintained in static culture under defined serum-free conditions, deposited an extracellular matrix in the form of tissue disks that showed collagenous matrices characteristic of articular cartilage from human infants. It has also been shown that juvenile human chondrocytes have greater potential to restore articular cartilage than adult cells, and that allogeneic juvenile chondrocytes do not stimulate immunologic responses in vivo [2] . In addition, unlike adult osteochondral grafts, juvenile grafts showed complete integration of cartilage at the graft/ host junction in adult animals [27] . Comparable findings have been reported in animals with implantation of cellbased constructs prepared using juvenile articular chondrocytes [4, 23, 24] . Although juvenile chondral fragments are considered a minimally manipulated tissue (therefore exempted from FDA approval), and some preliminary clinical safety reports are available for the treatment of chondral lesions in the knee and ankle, and the literature is still sparse regarding this topic [8, 13, [20] [21] [22] 28] .
Co-culture has proven to be a powerful in vitro tool in unraveling the importance of cellular interactions during normal physiology, homeostasis, repair, and regeneration [14] . In cartilage tissue, engineering chondrocytes have been co-cultured with different sources of cells (i.e., synovial cells, osteoblasts, and mesenchymal stem cells) showing promising results [7, 14] .
To our best knowledge, only one in vitro study showed the results of co-culturing adult and juvenile chondrocytes or chondral fragments. The authors mixed human adult chondrocytes with human juvenile chondrocytes at different proportions (100, 50, 25, 12.5, and 0 %) in co-cultures for 6 weeks. The proteoglican content, Safranin O positive cells, and lactate production declined logarithmically with increasing proportions of adult cells, indicating a negative interaction between the two sources. The authors concluded that extracellular matrix production of juvenile chondrocytes was inhibited by adult chondrocytes. In the same study, opposite results were described with co-cultures (1:1) of human adult cartilage fragments and human juvenile cartilage fragments compared with juvenile and adult-isolated cultures. The authors found that, using cartilage fragments, the matrix production of adult chondrocytes was stimulated by juvenile chondrocytes [5] . To our knowledge, the present study is the only one in the English literature describing in vivo the results of repairing chondral lesion with isolated juvenile cartilage fragments and combined autologous adult/allogeneic juvenile cartilage fragments. The mechanisms of the positive interaction between adult and juvenile cartilage fragments are still unknown. It has been speculated that manual fragmentation of the cartilage provokes an injury response, with secretion of chemokines and other factors. While adult chondrocytes are more involved in chemokine secretion, juvenile chondrocytes are more responsive to chemotactic factors than their adult counterparts [5] . As an effect, in the presence of injured adult cartilage, large numbers of juvenile cells migrate out of the original minced tissue, proliferate, and differentiate to form neocartilage. Theoretically, less neocartilage is produced in the groups treated only with juvenile fragments because of the relative absence of chemotactic factors from adult fragments [5] .
The main limitation of this study is related to the rabbit model. The reparative potential of the rabbit is high, compared to humans, and focal chondral injuries are likely to undergo spontaneous repair, even in the control groups. To overcome this drawback, osteochondral lesions were performed in all samples. In this fashion, we could assess the in vivo behavior and repair tissue quality of mixed juvenile and adult chondral fragments. Therefore, these results need to be confirmed in large animal models and clinical trials. However, minimal restoration of the subchondral bone lowered the histological scores in all groups. As a second limitation, the Collagen type II immunostaining scoring is underpowered. However, as readers know, this means only that possible significant differences between the groups magnification. b Collagen type II immunostaining at ×4 magnification. c Safranin O staining at ×10 magnification of the area selected in a might have been unrecognized by the tests, and not that the significant differences found have to be taken with caution.
Although the efficacy of this "one-stage" technique has yet to be verified in large animal models and clinical trials, mixing autologous adult and allogenic juvenile cartilage fragments seem to improve the quality of cartilage repair. In addition, in the clinical setting, covering large defects with autologous fragments can be challenging, due to the limited amount of autograft. Adding an off-theshelf, juvenile, low manipulated, cartilage fragment source can overcome this problem without raising ethical issues. Repairing cartilage defects only with allogenic juvenile fragments is an alternative option with no donor-site morbidity, but more costly and with the risk of immature cartilage repair [1] .
Conclusions
In conclusion, mixing adult and juvenile cartilage fragments improved cartilage repair in a rabbit model, compared with the control and isolated adult fragment groups. The promising results of the present study proved the concept of a new "one-stage" surgical procedure for cartilage repair, directly combining "in situ" autologous and allogenic juvenile cartilage fragments, as a viable source of cells. Further studies on larger animals are required to confirm the effectiveness of this technique, before clinical trials.
